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BLOOD-BRAIN BARRIER RECOVERY
CURVE ASSESSMENT METHOD AND
SYSTEM

FIELD OF THE INVENTION

The present invention relates to a mathematical model for
estimating the recovery time of the blood-brain barrier. In
particular, it relates to a method of using mathematical model
based on a double exponential distribution function to esti-

mate the actual physiological recovery curve of the blood-
brain barrier.

BACKGROUND OF THE INVENTION

The brain 1s a sophisticated organ. When the brain 1s
injured, the drug 1s not easy to enter the brain. It 1s difficult to
break through the bottleneck due to a special structure of
brain-blood-brain barrier (abbreviated as BBB). It is a natural
barrier located between blood vessels and brain, which can
selectively block certain substances via the blood 1nto the
brain. Except oxygen, carbon dioxide and glucose molecules,
the blood-brain barrier prevents almost any substance from
entering into the brain tissue. The molecular structure of most
drugs and proteins are too large, which 1s impossible to pass
the blood-brain barrier. Although the blood-brain barrier can
avold toxic pathogens entering into the central nervous sys-
tem, 1t also obstructs the development of therapeutic drugs for
the brain.

According to the previous studies, using a focused ultra-
sound (FUS) with ultrasound contrast agent (UCA) to radiate
in a particular area of the brain can non-invasively induce the
area of the blood-brain barrier to open shortly. This allows
chemotherapy drugs or antibodies with a wide range of
molecular sizes to pass across the blood-brain barrier.
Although the focused ultrasonic technique can significantly
improve the effectiveness of drug delivery, 1t cannot be used
to know the concentration variation when the drug releases
from the blood vessels into the brain tissue. If one can predict
or measure out how much drug can be transported to the target
area at each time point, 1t will significantly enhance the poten-
tial impact of drug delivery on the ultrasound-induced blood-
brain barrier opening 1n the brain.

In order to predict how much drug will be transported to the
brain, 1t requires to find the permeability of the blood-brain
barrier. It 1s known that dynamic contrast-enhanced MRI
(DCE-MRI) through signal intensity changes of DEC-MRI
contrast agent can be used to monitor the vascular permeabil-
ity changes when opening the blood-brain barrier over time.
In addition, using the pharmacokinetic model proposed by

Totts and Kermode 1 1991 (see Magn.625 Reson. Med. 17
(2) (1991)357-367) can estimate the permeability of the MRI

contrast agent. Park et al. applied the theory to propose a
mathematical model to estimate the recovery period of the

blood-brain barrier K, . (t)=K,. = “xexp(-t/R) (please refer
to Journal of Controlled Release 2012 Aug. 20; 162 (1):134-

42). In Park’s model, 1t only considers the permeability
changes of the ultrasonic irradiation area (half brain), for

estimating the length of time to open and close the blood-
brain barrier through the hali-life. However, for future appli-
cations, 11 it only assesses the decay rate of the target area, 1t
might be inadequate. After all, the impact of decay rate 1s
alfected by the differences between individuals. Thus, 1t 1t
does not consider the difference as a control, 1t cannot clearly
point out the closing time of the blood-brain barrier.

SUMMARY OF THE INVENTION

Based on the consideration of the disadvantages mentioned
above, the present invention provides an assessment method
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2

and system for the blood-brain barrier recovery curve. Using
the calculated permeability constant of the left and right brain
and a double exponential distribution function can establish a
mathematical model, which 1s able to estimate the recovery
time for opening and closing the blood-brain barrier, using the
true blood-brain barrier of the recovery curve.

Accordingly, in one aspect, the present invention provides
an assessment method for the blood-brain barrier recovery
curve, comprising the steps of: providing an ultrasonic con-
trast agent to a subject; introducing ultrasound 1n the subject’s
brain target area 1n order to open the blood-brain barrier;
providing a dynamic contrast-enhanced MRI (DCE-MRI)
contrast agent to the subject after applying ultrasound; imag-
ing the whole brain with DCE-MRI; obtaining DCR-MRI
imaging signal of the brain tissue permeability on the target
areca and the non-target area at different time points after
inducing DCE-MRI contrast agent; using the general kinetic
model (GKM) to calculate permeability constant K. at
different time points and calculate the permeability constant

K__ .decayratebyusingapermeability constant K equa-
tion:

IFcFils

Kﬂ" ns(r) :KFHHSSGHI'CHH'DH Xﬁxp(—ﬂl’(f)+

[
K H{JH—SGHICHfI{JHXE:Xp(_bxr)?

rans

and to obtain a blood-brain barrier recovery curve;

wherein, the K, (1) 1s the permeability constant of the drug
at time t 1n the target area;

K, Soreaion ig the permeability constant of the drug at time
t=0 1n the target area;

K, Jon-sonicaiion g the permeability constant of the drug at
time t=0 1n the non-target area.

Values a and b are parameters estimated from curves.

In one embodiment of the present invention, the target area
means either left or nght half-brain of the subject’s brain, and
the non-target area 1s the other half of the subject’s brain. The
permeability constant K, _1n the kinetic model 1s calculated
from the concentration changes of the DCE-MRI contrast
agent in the brain.

In another specific embodiment of the present invention, it
uses the parameters a, b of the exponential function as a
recession function of permeability constant K. . Then 1t
uses Matlab curve estimation method to obtain the param-
cters of the exponential distribution function, named as the
decay rate of the permeability constant K, . The values a
and b 1n the equation are estimated by the calculated by the
calculated K, _value at different time points, and a Matlab’s
optimal curve estimation method (Levenberg-Marquardt
algorithm). Wherein, a>0, b<0, and t<72 h 1n the equation.
The permeability state of the target area has been restored to
the same degree of the non-target area when the physiological
recovery curve of the blood-brain barrier falls within the
mean value and half a standard deviation of permeability
constants obtained from the non-target areas.

In a preferred embodiment of the present invention, at least
one set of DCE-MRI cerebral angiography images are
obtained after applying ultrasound and before injecting the
DCE-MRI contrast agent.

On the other hand, the present invention provides a moni-
toring system for the permeability of the blood-brain barrier
to estimate the recovery curve of the blood-brain barrier. The
system includes: an ultrasonication device for transmitting an
ultrasonic signal to a target area of a subject’s brain, thereby
opening the blood-brain barrier of the target area; a dynamic
contrast-enhanced MRI (DCE-MRI) device for creating
whole brain 1maging of the subject, which is used to obtain
DCE-MRI image signals showing the brain tissue permeabil-

ity 1n the target area and the non-target area at different time
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points; and an operation processing device, which includes an
operating program for the operation processing of the image
signals recerved by the DCE-MRI, and further estimating the
recovery curve ol the blood-brain. Wherein the operating
program performs the following steps: using a general kinetic
model (GKM) to calculate the received image signal of DCE-
MRI to obtain the permeability constant K, at different
time points; using the following equation to calculate the
decay rate of the permeability constant K,  : K
(1=K, "% exp(—axt)+K xexp(—bxt);
and estimating the decliming rate of the permeability constant
K_ . by the recovery curve of the blood-brain barrier.
Wherem the K, (1) 1s the permeability constant of the drug
at time t in the target area; K 5"°“%°" ig the permeability
constant of the drug at time t=0 in the target area;
K, Jioresonieanon qq the permeability constant of the drug at
time t=0 1n the non-target area; and values a and b are esti-
mated parameters derived from recovery curve.

In one embodiment of the present invention, the ultrasonic
device 1s a pulse focused ultrasound system with an ultrasonic
probe device of single piezoelectric crystal having anti-mag-
netic properties.

In the specific embodiment of the present invention, the
monitoring system further includes a three-dimensional posi-
tiomng system, which 1s made of insulating matenial, for
mounting on an ultrasound probe. The system has a position-
ing arm to adjust the position of the ultrasound probe. The
positioning system 1s made of the acrylic material, and the
positioning arm 1s made of bakelite.

In another specific embodiment of the present invention,
the system further includes an 1njection device. The 1njection
device 1s set up outside MRI room and connected with a
connecting tube connected to the subject, 1n order to 1inject the
medicine outside MRI room. Thus, when the drug enters into
the body, the whole permeation process can be monitored in
the brain tissue.

The present invention provides the assessment method and
system for the recovery curve of the blood-brain barrier.
Through the calculation of the drug permeability constant and
situation on the lesion area of the left and right half brain, 1t
shows differences between the experimental group (the target
area) and the control group (the non-target areas ) for using the
mutual relationship of two sets of experiments, thereby accu-
rately estimating the state to recover the blood-brain barrier,
obtaining the physiological recovery curve of the blood-brain
barrier, and then estimating the recovery time. The proposed
mathematical model 1in the present invention, due to the elimi-
nation of individual differences on the curve, can clearly point
out the BBB-oif time. In practical applications, 1t can be used
to control the quantitative relationship of the drug’s perme-

ability 1nto the lesions. Thus, within the efl

FFet#ls
FIOFI-SORICRITIOR

TFatFls

ective time enter-
ing 1nto the lesion area, the dose can attain the medical effect.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows that the present invention has a preferred
embodiment of the blood-brain barrier permeability control
system.

FIG. 2 shows that the present invention has a preferred
embodiment of the blood-brain barrier to estimate the recov-
ery curve.

FIG. 3 1s based on one embodiment of the present invention
to estimate the brain penetration constant at different time
points.
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FIG. 4 1s based on one embodiment of the present invention
to estimate the physiological blood-brain barrier recovery
curve.

DETAILED DESCRIPTION OF THE INVENTION

The other characteristics and advantages of the present
invention will be further 1llustrated and described 1n the fol-
lowing examples. The examples described herein are using
for 1llustrations, not for limitations of the invention.

Please refer to FIG. 1—the monitor system of the blood-
brain barrier permeability 1n the present imnvention. The sys-
tem 1 1s comprised of an ultrasonic device 10, a dynamic
contrast-enhanced MRI (DCE-MRI) device 20, an operation
processing device 30, and an 1njection device 40. The ultra-
sonic device 10 and the dynamic contrast-enhanced magnetic
resonance 1maging apparatus 20 1s disposed inside MR 1mag-
ing chamber 50, and the operation processing device 30 and
the 1njection device 40 1s disposed outside the MR 1maging
chamber 50.

The present invention relates to the use of the focused
ultrasound (FUS). The ultrasonic device 10 includes a signal
generator 11, an amplifier 12, a power measurement device
13, and an ultrasonic probe 14, for transmaitting an ultrasonic
signal to the target area of the subject’s brain, thereby opening
the target area of the blood-brain barrier. The dynamic con-
trast-enhanced magnetic resonance 1imaging apparatus 20 1s
used for the whole brain 1imaging, 1in order to obtain DCE-
MRI video signals for the brain permeability at different time
points. Later, send the 1 Image signal acquired by DCE-MRI 20
to the operation processing device 30 for data analysis and
processing, 1n order to estimate the blood-brain barrier to
physiological recovery curve.

In order to make the ultrasound probe 14 work properly
inside the DEC-MRI, in an embodiment of the present inven-
tion, 1t selects a single element PZ T of the focused ultrasonic
probe (H-101, SONIC CONCEPTS, INC), mainly because
the probe 14 possesses MRI compatible properties, which are
not subject to magnetic interference for controlling the output
of the ultrasound. The front of the probe 14 piezoelectric
crystal 1s 1nstalled with a conical acrylic container, which 1s
filled with degassed water mside as a medium to help sonic
wave conduction. Meanwhile, both polyurethane film and the
black O-ring are used to seal the top of the circular cone gap.
The steps complete the encapsulation of the probe 14.

In one embodiment of the present invention, the system 1s
turther comprised of a stereotaxic apparatus (not shown) for
setting up the ultrasound probe 14. The stereotaxic apparatus
has a positioning arm, which 1s adjustable to move the ultra-
sound probe 14, and provides a solid support. The conven-
tional stereotaxic instrument 1s made of metal and cannot be
placed 1nto the MRI scanning instrument. In order to solve
this problem, in another embodiment of the present invention,
the stereotaxic instrument 1s developed to be made of an
insulating material; preferably, the stereotaxic instrument
system 1s made of acrylic material, and the positioning arm 1s
made of bakelite. When the ultrasound probe 14 1s mounted
on a stereotaxic apparatus after accurate positioning, the ste-
reotaxic mstrument can be placed directly inside MRI cham-
ber 50 near the angiographic hole of the magnet center, and
then execute the work for the magnetic resonance 1maging.

Please refer to FIG. 2, which 1s the blood-brain barrier
recovery curve flow diagram for estimation in the present
invention. Firstly, use DCE-MRI 20 to confirm the cerebral

artery position of the subject. Next, select the region of inter-
est (ROI). Then, use the focused ultrasound to open the blood-
brain barrier and use DCE-MRI 20 to take the whole brain
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imaging of the subject. Obtain the brain tissue permeability of
DCE-MRI 1mage signal at different time points on applying
the ultrasound on the target and the non-target area. Finally,
send the 1mage signal obtained by DCE-MRI 20 to the opera-
tion processing device 30, via computing program 31 to esti-
mate the blood-brain recovery curve. The computing pro-
gram 31 takes advantage of general kinetic model (GKM)
proposed by Tofts to calculate permeability constant. Further-
more, use the proposed mathematical model to estimate the
blood-brain barrier physiological recovery curve of the sub-
ject. Detailed curve estimation process will be 1llustrated with
the following specific embodiment for further explanation.

Step a. Confirm ROI region. The present invention 1s pri-
marily designed for four experimental conditions with ditfer-
ent time points (the use of four rats for each experiment). Rats
are anesthetized and fixed on the table 21. Firstly, use DCE-
MRI imaging to obtain a set of 3D TOF-MRA 1 Images (Time-
of-Flight magnetic resonance angiography), in order to
observe the position of middle cerebral artery in the rat’s
brain (MCA) and then determine the subsequent 1image pro-
cessing of ROI area. Imaging specifications of DCE-MRI are
as follows: TR/TE=14/5.42 ms; Flip angle=200; Slice thick-
ness=0.3 mm:; FOV=85x85 mm?2; matrix=256x256: Slab=5;
Scanning time=10 min 27 s.

Step b. Open the blood-brain barrier. Through ultrasound
contrast agent (UCA), irradiate with ultrasound 1n the target
area to open the blood-brain barrier of the target area. One
particular embodiment of the present invention uses
microbubbles as the ultrasonic contrast agent to irradiate the
right brain of the normal rat (the target area) with the focused
ultrasonic pulse to open the brain’s blood-brain barrier. The

micro-bubble contrast agent can be selected from any of the
following matters: ALBUNEX®, SONOZOID®, SONO-

VUE®, SONOVIST®, OPTISON®, LEVOVIST® or
DEFINITY®. The embodiment choose SonoVue (Bracco
International, Amsterdam, The Netherlands) dry powder con-
trast agent. The dry powder 1s first added to a saline solution
tor the preparation of sultfur hexafluoride (SF6) microbubble
suspension contrast agent. The average diameter 1s 2.5 um,
and the concentration is 1~5x10°® bubbles/ml. In safety stud-
1es, the saline solution 1s considered as no difference. The
parameters of the focused ultrasound pulse are set as follows:
Burst Length 1s 50 (ms); the duty cycle 1s 5%; the pulse
repetition frequency (PRF) 1s 1 Hz; and ultra-sonic 1irradiation
time 1s 60 (s); the acoustic power 1s fixed at 3.41 (W). Experti-
mentally, use 1 cc syringes to extract ultrasound contrast
agent mixed with saline. Then inject via the 1njection device
40 to the rat’s tail vein, and wait 15 seconds until ultrasound
contrast agent starts circulating the whole body with the
blood. Then 1rradiate the rats with the focused ultrasound.

Step ¢. Confirm background signals. Before injection of
MRI contrast agent, 1t requires to obtain at least one set of
DCE-MRI cerebral angiography imaging, which is the mitial
state of brain 1maging, as a background signal. In this embodi-
ment, two sets of scanning 1mages take about 3 minutes for
the whole scanning process.

Step d. Obtain DCE-MRI 1maging signals for the brain
tissue permeability at different time points. Before scanning
the MRI 1mages of the third group, two sets of images 1n four
experimental groups were scanned and obtained at 0, 13, 25,
120 min via the intravenous 1njection of MRI contrast agent.
In the embodiments, the contrast agent used in MRI 1s Gd-
DTPA-BMA (Gadodiamide, Omniscan), at a dose of 1 mmol/
kg. The scanming process took about one hour for 38 groups
of DCE-MRI scanning continuously. Heretolore, the mode of
administration 1s known. Firstly, inject the contrast agent
externally and the rats were positioned on the platform. Then
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the rats were sent into the MRI. The drugs begun to work
when the rats were sent into MRI. However, MRI 1maging
cannot monitor the changes 1n the initial concentration of the
drug. When MRI scanning begins, most of the drugs 1is
metabolized. Thus, the experimental data obtained will pro-
duce distortion. In view of the disadvantages of the known
technique without the real-time monitoring, in the system 1 of
the present invention, the injection apparatus 40 further
includes a connection tube 41 to the catheter on the rat’s tail
vein (the connection tube 41 used 1n this experiment tube 1s
PE-30 hose). The injection device 40 of the present invention
1s disposed outside the magnetic resonance chamber 50.
Thus, after the rats are sent into MRI, inject Gd-DTPA-BMA
contrast agent into the rats via the connection tube 41 in the
magnetic resonance chamber 50. Therefore, when the drug
enters 1to the body, the drug permeating in the brain tissue
can be monitored. At the same time, through the 1njection
device 40 of the present invention, repetition can be achieved.

In step ¢, d, 40 groups of T1 DCE-MRI scan were con-
ducted to observe the changes 1n the blood-brain barrier of the
rat’s brain before and after ultrasonic irradiation at different
time points. The parameters of each T1 DCE-MRI are set as
follows: number of slices=22 (covering the entire brain to

detect the opeming region of the blood-brain barrier);
TR/TE=500/13 ms; FOV=47x80 mm?2; matrix=152x256
pixels; Slice thickness=1.5 mm; Scanning time=97 s.

Step €. MRI 1mage processing. Use Matlab to detect and
select the above 40 DCE-MRI images at different time points
from each rat, in order to obtain average signals of the blood-
brain barrier’s opening region. All the mice are under the
same parameters of the focused ultrasound, for obtaining the
signals from the vascular region and the BBB opening region.
Use1tas an average signal of the parameters of the ultrasound.

In this embodiment, according to the theory of Toits-Ker-
mode, the ROI of rat 1s defined as two chambers having two
compartment volume for a blood (plasma) space and an
extravascular extracellular space (EES). The concentration of
t Gd-DTPA-BMA contrast agent can be calculated by the
conversion of the average signal under the ultrasonic param-
eters using equation 1.

(L)

Sposr — Sprf

SPI‘EXRIGXFI

Cog =

Wherein, C, 1s the contrast agent concentration; S, the
average signal strength before the mjection of contrast agent;
S os: the average signal strength after the injection ot contrast
agent; T, , 1s the baseline (1.e., betore the injection of contrast
agent) longitudinal relaxation time. In this experiment, T,
values of the blood and the brain are set 1.5 s and 0.9 s,
respectively; r, 1s the corresponding longitudinal relaxation,
1.€. increase in the relaxation rate per unit; r, of experiments 1s
set to 4.62 mM~' s~

Next, substitute CGd 1nto the formula II 1n order to obtain

the parameters of the two permeability coellicient K and

TFetFly

K., respectively.
KFGHSA KFGHSA — II
CI(I)=( t 1 t Z}E Kepf_ ( )
my — Kfp iy — Kfp

( KiransA1 ] it ( KyansA2 ] At
2 Lt — 2 "2
my — Kt’p iy — Kfp
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Wherein, C(t) 1s the relationship of the contrast agent
concentration changing along the time in the experiment;
K. . (min™") is the volume transfer constant, which means
the rate constant of the contrast agent permeating from the
blood (plasma) to EES (i.e. microvascular endothelial perme-
ability rate P and the surface S; the product: P*S); K _, (min™")
1s the rate constant, which means the rate constant of space as
the contrast agent returns from the EES blood (plasma); Al,
A2 are the blood concentration of the initial values; m,, m, are
the changing rate of the blood concentration.

All of the above weighted images of T1 DCE-MRI data
were analyzed and processed 1n Matlab.

Please refer to FIG. 3, according to the aforementioned
method, proposed by Tofts-Kermode, with Matlab optimal
curve estimation method Levenberg-Marquardt fitting algo-
rithm (Matlab R2008b, MathWorks, Inc., Natick, Mass.,
USA), the permeability constant K, ofthe dynamic model
can be further found. Use this method to estimate the perme-
ation constant values K =0.06, 0.03,0.02,0.01 1n the rnight
brain at t=0 min, 15 min, 25 min, 120 min, respectively.

The K, value were obtained at different time points.
Then substitute the values into the formula III exponential
distribution function:

Kn"ans(r):Kn"ansﬂmfcaﬁﬂﬂxexp(_axr)-l-
KFHHSHDH_SDHI. carianx exp (_ b)( f) (III)
Wherein, K, (1) 1s the permeability constant of the drug

in the target area (right brain) at time of t; K, 7%°" ig the

permeability constant of drug in the target area at t=0 after
ultrasonic irradiation; K, = 7¢7-so7icafion jg the permeability
constant of drug in the non-target area (left brain) at =0
without ultrasonic irradiation. Values a and b are estimated
parameters dertved from recovery curve. The parameters of
an exponential function can be a recession function of per-
meability constant K, . Re-use of Matlab optimal curve
estimation method to obtain the parameters on the exponen-

tial distribution function, named as permeability constant

K_ . decay rate. In the proposed mathematical model of the
invention, a>0, b<<0, and t<72 hrs, 11 =72 hrs, this mathemati-
cal model K, (t) 1s only needed to consider
K, Jorssonication i e the permeability constant of the unir-

radiated left brain area. Without estimating the changes in
permeability constant, 1t will affect the health of the indi-
vidual experiments and generate the errors of the estimation,
mainly due to long ultrasound exposure In one embodiment
of the present invention, a=4.006 (0.5794,77.432), b=-0.1119
(—1.328, 1.104), has 95% confidence interval.

In addition, 1n the experiment, calculate the average value
of the permeability constant at four point of time
(Mean=0.008) and standard deviation (Std), as experimental
control. Through the confidence interval, define a one-half
standard deviation range, as the ranges of the blood-brain
barrier recovery period in the experiment.

Please refer to FIG. 4, which 1s the diagram of the blood-
brain barrier physiological recovery curve estimation using,
the present invention. According to the proposed mathemati-
cal model of the present invention, calculate the permeability
constant 1n the aforementioned experimental values via Mat-
lab for the non-linear estimation of the curve graph. The solid
line 1n the figure (-) 1s generated through Matlab to estimate
the blood-brain barrier recovery curve; the dotted line ( . . . ),
as the control group, 1s the average permeability constant of
un-irradiated brain tissue in the left brain; the dashed line
( - - - ) 1s the average permeability constant plus one-half
standard deviation value of un-irradiated brain tissue 1n the
left brain; Arrow 1 to arrow 2 means the range of the blood-
brain barrier recovery time. When the blood-brain barrier
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physiological recovery curve falls within the average value
and half a standard deviation, it means that the blood-brain
barrier has been recovered to the same permeability state as
the left-brain; 1n other words, 1t 1s back to the non-irradiated
pPre-0smosis.

All of the features disclosed 1n this specification may be
combined in any combination. Each feature disclosed 1n this
specification may be replaced by an alternative feature serv-
ing the same, equivalent, or similar purpose. Thus, unless
expressly stated otherwise, each feature disclosed 1s only an
example of a generic series of equivalent or similar features.

From the above description, one skilled 1n the art can easily
ascertain the essential characteristics of the present invention,
and without departing from the spirit and scope thereof, can
make various changes and modifications of the invention to
adapt it to various usages and conditions. Thus, other embodi-
ments are also within the claims.

What 1s claimed 1s:
1. A method of assessing the blood-brain barrier recovery
curve, comprising:

providing an ultrasound contrast agent to a subject;

applying an ultrasound to a brain target area of the subject
to open the blood-brain barrier;

applying the ultrasound to the brain target area of the
subject at different time points with a dynamic contrast-
enhanced MRI (DCE-MRI);

using DCE-MRI for the whole brain imaging to obtain
DCE-MRI image signals of brain permeability on the
target and non-target area at different time points;

analyzing the obtained DCE-MRI 1mage signals and using,
general kinetic model (GKM) to calculate the perme-
ability constant K _ at different time points; and

calculating the permeability constant K decay rate by
using a permeability constant K equation (I1I):

IFarls

K{}"ﬂns ( ZL) _ Kn,. SORICQON

e xexp(—axi)+
K

xexXp(—bxi)

RO -SoRIcaiion
Fans

(I11)

and to obtain a blood-brain barrier recovery curve;
wherein, the K, (1) 1s the permeability constant of the
drug in the target area at time of t; K $9"9%%°" ig the
permeability constant of drug in the target area at t=0
after ultrasonic irradiation; K, 7@7-so7eaion 4g the
permeability constant of drug 1n the non-target area at
t=0 without ultrasonic irradiation; and the values a
and b are estimated parameters derived from the

recovery curve.

2. The method of claim 1, wherein the target area for the
subjects 1s either the left or right half brain, and the non-target
area 1s the other half brain of the subject.

3. The method of claim 1, wherein the permeability con-
stant K _1n the dynamic model 1s obtained by the concen-
tration density changes of DCE-MRI contrast agent in the
brain tissue region.

4. The method of claim 1, wherein the values a and b 1n the
equation (III) are estimated by the calculated K ___ _value at
different time points and a Matlab’s optimal curve estimation
method (Levenberg-Marquardt algorithm).

5. The method of claim 1, wherein the criteria of the equa-
tion (III) 1s: a>0, b<<0, and t<72 h.

6. The method of claim 1, wherein the permeability state of
the target area has been restored to the same degree of the
non-target area when the blood-brain barrier recovery physi-
ological curve falls within the mean value and half the stan-
dard deviation of permeability constants obtained from the
non-target area.

7. The method of claim 1, wherein at least one set of

DCE-MRI cerebral angiography images are obtained after
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applying ultrasound and before 1njecting the DCE-MRI con-
trast agent as a background signal.

8. A system ol monitoring blood-brain barrier permeability
to estimate the recovery curve of blood-brain barrier, com-
prising;:

an ultrasonication device to transmit an ultrasonic signal in

a target area of a subjects’ brain, thereby opening the
blood-brain barrier of the target area;

a dynamic contrast-enhanced MRI (DCE-MRI) device for

creating whole brain 1imaging of the subject, which is
used to obtain DCE-MRI image signals showing the
brain tissue permeability 1n the target area and non-
target area at different time points; and

an operation processing device, which includes an operat-
ing program lor the operation processing of the image
signals recerved by the DCE-MRI to estimate the blood-
brain recovery curve; wherein the operating program
performs the following steps:

using a general kinetic model (GKM) to calculate received
DCE-MRI image signals to obtain K at different
time points;

using formula (III) to calculate K

IFcFls

decay rate:

IFcFls

Ky

i

(7K T exp(~ax T
K HGH—SGHICHfIﬂHXEXp(_bXI)

s

(11D);

wherein the K, = (t) 1s the permeability constant of the
drug in the target area at time of t; K, 5°9"°" ig the
permeability constant of drug 1n the target area at =0

after ultrasonic irradiation; K, """ i

I 1s the perme-
ability constant of drug in the non-target area at t=0
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without ultrasonic irradiation, and values a and b are

estimated parameters derived from recovery curve; and
estimating the decay rate of the permeability constant

K. by the recovery curve of the blood-brain barrier.

9. The system of claim 8, wherein the ultrasonication
device 1s a pulse focused ultrasound system with a ultrasound
probe of single piezoelectric crystal having anti-magnetic
properties.

10. The system of claim 8, wherein the calculating step of
K, . at difterent time points further comprising an estima-
tion step of values a and b 1n the equation (III) by using
Matlab’s optimal curve estimation method (Levenberg-Mar-
quardt algorithm) on the K at different time points.

11. The system of claim 8, wherein the calculating step of
K_ . comprises a step ol calculating the concentration
changes of the DCE-MRI contrast agent in the brain to obtain
K . . at different time points.

12. The system of claim 8, wherein the system further
comprises a stereo positioning apparatus made of an 1nsula-
tion material, on which 1s set up an ultrasound probe and
equipped with a positioning arm for the position adjustment
of the ultrasound probe.

13. The system of claim 12, wherein the positioning system
1s made of an acrylic material, and the positioning arm 1s
made of a bakelite material.

14. The system of claim 8, wherein the system further
comprises a 1mjection device, which 1s disposed outside the
magnetic resonance chamber and equipped with a connecting
tube connected to a subject mnside the magnetic resonance
chamber.
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